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Abstract

Introduction

Fibrosis is a frequent complication of therapeutic
radiation delivered to organ sites such as the thorax and
pelvic region. We investigated the relationship between
function, and biochemical and structural changes in the
lung and colon of CBA mice irradiated with 240 kV
X-rays. Progressive changes in lung function, as evidenced by increased breathing rates were observed out
to 6 months post-irradiation. Biochemical studies demonstrated increased metabolism (synthesis and breakdown) of collagen around 6 months after irradiation, but
provided no evidence of net collagen accumulation.
Analysis of collagen isotypes revealed a slight increase
in the ratio of types I and Ill. In the colons of irradiated
mice, there was a progressive decrease in compliance
out to 14 months post-irradiation. Collagen and total
protein synthesis and breakdown rates were increased at
early times, and returned to control levels by 4 months.
No net accumulation of collagen was observed at any
time. The ratio of collagen type I to Ill was increased
at one year post-irradiation. We conclude that, in the
CBA mouse, late functional changes after X-irradiation
are not the result of a build-up of excessive connective
tissue, although changes in collagen metabolism may
occur relatively early on in the response to radiation.

Were it not for the presence of surrounding normal
tissues, the total destruction of tumours by ionizing radiation would be readily achieved. This statement may
seem self-evident; yet the search for the best "therapeutic ratio" remains the ultimate goal in the improvement
of existing therapies, as well as influencing the development of new treatment modalities. Consequently, considerable research effort has been devoted to understanding the nature of normal tissue damage and searching for
ways to modify this damage. While the acute effects of
therapeutic ionizing radiation are rarely life-threatening
due to the limited volume of tissue normally irradiated,
certain effects, which are only manifest at later times,
may be progressive and potentially fatal. Solid tumours
often occur in sites adjacent to radio-sensitive tissues,
such as the lung and the large bowel. In both these
sites, normal tissue damage often leads to "fibrosis"
within 6 months and 5 years of treatment, resulting in
extreme cases in mechanical and thus functional failure
of the organ.
Historically, fibrosis was characterized by the abnormal accumulation of collagen and other connective
tissue components; this accumulation was presumed to
be secondary to injury or inflammation. However, this
definition begins to look less than satisfactory in light of
recent advances in our understanding of connective tissue metabolism and inflammation, and reviewers in this
field have been careful to qualify their definition in an
attempt to accommodate puzzling experimental data [for
example, see references 5 and 7]. We sought to examine the relationship between biochemical, functional and
histological changes observed after X-irradiation of two
mouse tissues known to demonstrate "late" changes;
these changes have been presumed to be due to fibrosis.
We report here the use of two functional assays for assessing damage to the lung and colorectum, and the introduction of a sophisticated metabolic labelling technique for examining ·collagen turnover in vivo. We present our results in the context of previously published
data from the Gray Laboratory on "late" radiation
damage in the mouse [4-6].
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Figure 1. Breathing rates of CBA mice measured at different times after X-irradiation to the thorax. Breathing rates
were measured by plethysmography; data represents means ± standard deviation (s.d.) (n = 4). In the 12 Gy group,
the separation of phases into 'early' (0-16 weeks) and 'late' (20 weeks onwards) is apparent.

Materials and Methods

monitored using a previously described balloon-probe
device which can be inserted into the first 1 cm of the
colorectum of the anaesthetised mouse [3]. The balloon
is inflated hydraulically by a motor-driven syringe linked
to pressure- and linear transducers, allowing the realtime recording of pressure/volume curves for individual
mice. This technique is non-destructive, rapid and noninvasive, and allows the progression of damage to be
followed in individual mice over long post-irradiation
periods.

Mice and irradiation procedures: All experiments
were carried out with barrier-maintained CBA mice between 12 and 16 weeks of age. For studies of lung, unanaesthetised mice were irradiated to the whole thorax
with single doses of 240 kV X-rays over a range of 8-16
Gray (1 Gray, abbreviated 'Gy', is equivalent to 100
rad) [9]. For studies of colorectal damage, female mice
were irradiated to the whole pelvis with either single
doses (5-20 Gy) or two equal fractions with a 24 hour
interval (10-30 Gy) [3]. All animal experiments were
carried out in strict accordance to UK Home Office requirements, and animals displaying overt signs of respiratory distress were sacrificed by cervical dislocation.

Collagen metabolism studies: Rates of total and
collagenous protein synthesis, mature collagen breakdown and absolute amounts of collagen were measured
at various times after initial irradiation using an in vivo
radioisotope incorporation method [2]. A detailed description and validation of the technique can be found
elsewhere [6]. In brief, mice are injected with a saline
solution containing (5-3 H)proline in a flooding dose of
cold proline. This produces a pool of labelled proline in
all tissues, the specific radioactivity of which remains
constant for at least 1 hour. Incorporation of radioactive

Breathing rate assay: Functional damage to the
lungs of irradiated mice was assessed by measuring
breathing rates at monthly intervals after radiation, using
plethysmography as previously described [9].
Tissue compliance assay: Mechanical function of
the colorectal region of control and irradiated mice was

80

Radiation-Induced Fibrosis
(a)

300

synthesis

(b)

180

breakdown

(c)

total

collagen

500

-...

140

200

0

C:

o 300
(.)

12
12

100

8
10

10

100

8

8

16

24

16

8

32
Time

after

16
irradiation

24

32

8

16

14

24

32

(weeks)

Figure 2. Summary of results for (a) collagen synthesis, (b) breakdown, and (c) total collagen in lungs of X-irradiated
CBA mice [5].

biphasic response, breathing rates elevating slightly
during the first 16 weeks, returning to control values,
and then increasing progressively, inevitably leading to
death.

proline into collagen and other proteins is linear during
this period, and a synthetic rate can be calculated by
application of a simple formula. Collagen synthesis
rates are calculated by estimating the accumulation of
radioactive hydroxyproline into protein. Specific activities of radioactive proline and hydroxyproline are determined by high performance liquid chromatography
(HPLC) after acid hydrolysis of labelled tissues [8].

Collagen metabolism in the lung: The results of
our studies on the synthesis, breakdown and net accumulation of collagen in irradiated mouse lungs up to 32
weeks post-irradiation are summarised in Figure 2.
Synthesis (Fig. 2a) and breakdown (Fig. 2b) of collagen
followed a similar pattern: within the first 14-16 weeks
after single doses there was a decline, followed by an
elevation above control levels for both parameters.
Again these changes were dose dependent. In the 16 Gy
group, the mice all died before 16 weeks, and death was
preceded by a net loss of collagen from the lungs. At
later times, in lower-dose groups, collagen synthesis
showed a dose-dependent increase at 24 weeks although
this was always accompanied by increased collagen
breakdown. Therefore, the overall effect was a net loss
of collagen from the lung in the period immediately
prior to death (Fig. 2c). In the range 8-12 Gy, where
the animals were expected to survive longer than 32
weeks, there was no net change in lung collagen by this
time.

Immunohistochemical analysis of collagen isotypes: The distribution of distinct collagen isotypes was
examined by automated video image analysis of tissue
sections stained with sheep polyclonal antibodies to collagen types I and III, followed by fluorescein isothiocyanate (FITC)-conjugated second antibodies [4].
Histochemistry: Samples of irradiated tissue were
immediately placed in 10 % neutral buffered formalin,
and then embedded in paraffin wax. six micrometer
sections were stained with Mayer's haematoxylin and
eosin (H&E), or with van Gieson's stain for collagen.
Results
Lung
Functional studies of the lung: Figure 1 shows the
pattern of breathing rate changes we observed over a
period of 36 weeks in mice irradiated with single dose
X-rays between O and 16 Gy. Animals receiving 16 Gy
showed a fairly rapid increase in breathing rates over 16
weeks, at which time they started to die, or were sacrificed due to distress. At 14 Gy, mice showed a similar
response but survived longer. Twelve Gy produced a

Colorectum
Functional studies of the colorectum: Figure 3
shows typical pressure/volume traces generated by controlled hydraulic inflation of a balloon catheter inserted
into the colo-rectal region of an anaesthetized mouse.
From these traces, mean tissue compliances (given by
the slope AV/ AP) were calculated. Figure 4 shows that
81
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Figure 3. Pressure-volume curves generated from the
balloon catheter instrument, from which tissue compliance was calculated. Balloon inflation characteristics in
air (top panel; a = inflation; b = deflation), in a control
mouse (middle panel), and in an age-matched mouse irradiated to the pelvis with 17 Gy X-rays (bottom panel)
[2].

-----------------------------------there is a dose-dependent decrease in tissue compliance
at 24 and 52 weeks post-irradiation for single doses
between 5 and 20 Gy. Dose-responsive changes were
observed as early as 24 weeks. Measurements at earlier
time-points were avoided as it was felt that inflammation
during the acute reaction of the gut to radiation might be
aggravated by the mechanical intrusion of the probe.
Collagen metabolism in the colorectum: Collagen
metabolism in the colorectum was followed for up to 72
weeks post-irradiation. The results for fractional synthesis rates and breakdown are summarised in Figure 5. At
8 weeks, there was a highly significant increase both in
collagen synthesis and breakdown; this resolved by 16
weeks and no changes were evident after this time.
Total collagen content of the tissue did not deviate from
control values at any time point.
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Histochemistryand immunohistochemistry:Neither conventional haematoxylin and eosin (Fig. 6), nor
van Gieson staining for collagen (not shown) revealed
any evidence for sub-mucosa} accumulation of collagen
at 52 weeks. Distinct effects on the muscularis externae
were seen by H&E, with evidence of mechanical hypertrophy and cell degeneration (Fig. 6). Video image
analysis of sections stained by the immunofluorescence
technique, however, revealed a significant increase in
staining for collagen type I in all regions of the colon
and decreased staining for type III in the circular muscle
layer and the villi (Fig. 7).
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Our interest in fibrosis originally stemmed from extensive work carried out in this Laboratory to develop
functional assays for normal tissue damage due to therapeutic X-irradiation; in particular, assays were sought
which could be used to study both "early" and "late"
damage. Normal tissue damage has been attributed to
depletion of parenchymal cell populations due to X-ray
induced mitotic death, the distinction between early and
late damage reflecting differing turnover rates of the
relevant cells. In a comprehensive functional and histo100 logical study of the irradiated CBA mouse lung, Travis
et al. [9] suggested that there was a reproducible
biphasic pattern of increases in breathing rate during a
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Figure 4. Dose-response curves demonstrating decreased compliance of the mouse colorectum at (a) 24 and (b) 52
weeks after irradiation [2]. The mean tissue compliances (given by the slope /1V / !!.P) were calculated from the traces
in Figure 3.
period of 52 weeks post-irradiation. The acute phase,
which occurs between 15 and 30 weeks, is described as
"pneumonitic", characterised by inflammatory cell infiltrates and edema. The late phase, which occurs after 32
weeks, when pathological organisation and collagen deposition are noted, is thought to correspond to the "fibrotic" phase. Thus two quite distinct histopathological
states, at least in the lung, manifest themselves as identical functional abnormalities. The late phase was only
observed within a narrow "window" of dose and time,
as all animals receiving doses greater than 15 Gy died
by 22 weeks, and no histological or functional changes
were observed at doses less than 8 Gy [9].
Meanwhile, biochemical evidence was beginning to
suggest that, in a variety of species, the relationship
between collagen or extracellular matrix accumulation
and the fibrotic state was more complex than had been
thought [6]. In particular, the shortcomings of simply
measuring total collagen content of a tissue were now
recognised, and the dynamics of matrix metabolism
came to the fore. We decided to apply state of the art
techniques to this problem, in an attempt to determine
the role of collagen metabolism in radiation-induced
fibrosis in the mouse.
We have tried to correlate function with biochemical
and histochemical data for two sites of clinical importance, where late injury may be a life-threatening complication of radiation treatment. Our data indicate that
X-radiation has major effects on the dynamics of colla-

gen metabolism in both mouse lung and colorectum, although the net effect of these changes may be that total
collagen in the tissue is unchanged. This can be attributed to concomitant changes in synthesis and breakdown, i.e., increased turnover, which occur fairly soon
after irradiation to the colorectum, and at slightly later
times in the lung. But of course the collagens are a
family of gene products, and it is clear that different
collagen isotypes have different functions. In the case
of both tissues, we were able to show small but significant changes in the ratios of types I and III, in favour of
type I. However; while these changes might be expected to produce slight alterations in the mechanics of the
tissues, they are unlikely to have produced changes of
the order observed in our studies.
In a recent study, Followillet al. [1] have suggested
that late functional changes in the colorectum of irradiated C3Hf/Kam mice, are characterised by thickened
and fibrotic sub-mucosa. They further subdivide this fibrotic response based upon two separate etiologies: one
related to persistent mucosal damage, a "consequential"
response, and the other occurring in the absence of obvious epithelial injury. This latter effect they consider
true "late" injury. Our own histochemical studies of the
irradiated colorectum of CBA mice revealed significant
muscle degeneration and hypertrophy of the muscularis
e.xtema, but with little evidence of changes in the connective tissue. Functional impairment of the colorectum
[ 11] after clinical X-irradiation has been attributed to
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Figure 5. Fractional synthesis rates (FSR) and breakdown indices for collagen in the colorectum of irradiated mice
at different times after single doses of X-rays. (a, above) FSR for collagenous protein, expressed as a percentage of
control values; (b, on facing page 85) collagen breakdown, measured as the proportion of free hydroxyproline in tissue.
(0) 5 Gy, (A) 8 Gy, (v) 11 Gy, (◊) 14 Gy, ( ■) 17 Gy, (e) 20 Gy [3].
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Discussion with Reviewers
T .M. Seed: Is it not possible that radiation-associated
tissue fibrosis is a 'tissue-remodeling' disease, and not
simply the result of an aberrant build-up of connective
tissue as suggested by early studies of other workers?
Author: Absolutely! While the data for fibrosis in
humans and other species is confusing to say the least,
it is clear that excess accwnulation of collagen is not
always present [6]. Thus, several reviewers have recently chosen to describe fibrosis as a disturbance of
matrix architecture. This description can encompass not
only changes in total collagen, but also changes in isotype ratios and interactions with other matrix macromolecules such as proteoglycans.
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Figure 6 (on facing page 86). Photomicrographs of (a)
control and (b) irradiated (2 x 11 Gy) murine colon at
52 weeks post-irradiation demonstrating mechanical
hypertrophy and cell degeneration in the muscularis
externae (ME). Little or no change is apparent in the
villi (V) and submucosa (SM). (Haernatoxylin and
eosin; bars = 500 µm).

C. W. Kischer: Is the level of irradiation for these mice
equivalent to therapeutic levels in man? That is to say
that perhaps in the study produced by reference 11 the
level of radiation was excessive.
Author: There is no question that the levels of radiation
used in these experiments and, more importantly, those
which gave rise to measurable effects are far in excess
of those normally seen in the clinic. While patients may
be exposed to higher doses in toto (routinely 50-60 Gy),
normally this would be fractionated into single daily
doses of around 0.2 Gy (200 rad), with the intention of
minimizing normal tissues damage. This does not invalidate either model, however, in a significant proportion
of patients, an early pneumonitis develops after thoracic
irradiation, and some of these patients will later develop
fibrosis. After pelvic irradiation, as many as 18 % of
patients develop large bowel complications at late times,
including stenosis. So, while there may appear to be an
anomaly in the doses required to see these changes, the
animal pathologies bear striking similarities to their
human counterparts.
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D.P. Penney: The CBA mouse strain is not particularly
known as a fibrogenic strain, following various parameters. Why was this strain chosen for these studies, or
why was not a more fibrogenic strain chosen?
Author: The CBA strain was used extensively in early
descriptive and functional studies of radiation damage to
a number of tissues, including the lung and the colorectum. Indeed the CBA strain demonstrates nicely the
temporal sequence of functional changes often seen in
patients, and therefore must be considered a good model. The fact that certain strains of mouse demonstrate an
enhanced fibrogenic response to radiation does not imply
that they are better models for these pathologies. Our
limited studies of collagen metabolism and tissue compliance in three other strains of mouse (Martin and
Murray, unpublished) suggest that differences between
strains tend to be quantitative rather than qualitative.
What is crucially important here is that a pathology,
which has often been considered the result of excessive
accumulation of collagen, has been demonstrated to occur where that is clearly not the case. This might have
been missed had we chosen to work with a strain that
was excessively 'fibrogenic'.
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Figure 7. Quantitation of relative amounts of collagen
isotypes I (a) and III (b) in murine colon at 52 weeks
post-radiation by video image analysis. Data are given
for two dose regimes (single dose of 14 Gy and two
equal fractions of 11 Gy given 24 hours apart) and controls, and for five histologically distinct regions of the
colon. Error bars represent the standard error of the
mean values from all animals in each experiment. *: p
< 0.05 [3].
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